It has been reported that MnSn 2 exhibited unusual magnetic behaviors related to its crystal structure. However, little work has been done to investigate its behavioral responses to a high magnetic field (HMF), which is of potentially fundamental interest. Based on this, binary SnMn alloy was solidified under different HMFs in this work. The results show that the primary MnSn 2 crystals appear block-or bar-like shapes in both the longitudinal and transverse sections. In the longitudinal sections, however, the HMFs tend to align the bar-like crystals with the long axes perpendicular to the magnetic field. In the transverse sections, the HMFs have little influence on the alignments of the bar-like crystals but increase their amount. A crystallographic study indicates that ©110ª is the easy magnetization axis of the MnSn 2 crystals that orients preferentially parallel to the magnetic field. These results are attributed to the magnetic anisotropy of the MnSn 2 crystals.
Introduction
As a CuAl 2 -type intermetallic compound, MnSn 2 has ever aroused great interest of researchers due to its unusual magnetic behaviors in the 1960s. Kouvel and Hartelius firstly reported that the magnetic susceptibility of MnSn 2 decreased precipitously as the temperature was lowered through 73 K. 1) Yasukōchi et al. found that the MnSn 2 exhibited an antiferromagnetic behavior with a Néel temperature of 324 K.
2) Later, Corliss and Hastings made a neutron diffraction study and further demonstrated its antiferromagnetism above the abrupt transition at 73 K.
3) These behaviors are all related to its tetragonal C16 structure, which consists of alternating layers of Mn and Sn perpendicular to the c-axis.
3) Moreover, in the MnSn 2 structure, c-axis (c = 5.447 ¡) is much shorter than the a-axis (a = 6.659 ¡), 4) suggesting a strong crystal structure anisotropy. This may also imply a strong magnetic anisotropy. Considering these magnetic properties, it is of potentially fundamental interest to investigate its behavioral responses to a high magnetic field (HMF).
Solidification of metallic alloys in a HMF is always a hot topic ever since the development of superconducting magnet technology. Numerous experimental works have demonstrated that the HMFs present a significant influence on the growth of crystals. 517) For example, the HMFs could orient and align the crystallizing phases, 59) promote the structural homogenization, 10, 11) result in the modification of structure morphology, 1214) and induce the breakdown of a planar interface into cellular undulations, 15) etc. Among these effects, the orientations and alignments are directly related to the magnetic properties of the crystals and have been extensively investigated. Mikelson In view of such background, binary Sn1.5 wt% Mn alloy was solidified under different HMFs in this work. The effects of the HMF on the alignments and orientations of the MnSn 2 phase were systematically studied based upon the Electron Backscatter Diffraction (EBSD) technique. And the mechanism leading to the modification of the alignments and orientations were also discussed briefly.
Experimental Procedure
Pure metals of Sn (99.95 wt%) and Mn (99.9 wt%) were melted in an induction furnace under argon atmosphere to prepare the Sn1.5 wt% Mn alloy. After degassing and deslagging, the melt was poured into a high-purity copper mould to solidify rapidly into several ingots () 10 © 100 mm). Six small round rods (¯10 © 12 mm) were further cut from these ingots for the subsequent HMF experiments. 18) The experimental setup has been introduced elsewhere in detail. A rod was put into a tube of high-purity corundum crucible and then placed in the center of the resistance furnace, where a maximum axial magnetic flux density B of 12 T could be produced. After the magnetic field reached the set value (0, 1, 3, 5, 8.8 and 12 T, respectively), the rod was heated up to 380°C at a rate of 5°C/min under argon atmosphere. After being held at this temperature for 20 min, the melt was furnace-cooled to room temperature (the average cooling rate was about 6°C/min).
The HMF-treated as-cast ingots () 10 © 12 mm) were cut longitudinally and then transversely (parallel and perpendicular to the HMF direction B, respectively), following a standard mechanical polishing. The microstructures of the specimens were observed by a Zeiss ULTRA PLUS FE-SEM (Field-Emission Scanning Electron Microscope, Carl Zeiss, Jena, Germany). After further polishing and argon ion beam cleaning, EBSD (Electron Backscatter Diffraction) orientation measurement was performed on the specimens for crystallographic analysis by the same FE-SEM (equipped with an Oxford-HKL Channel 5 system) as above.
Results and Discussions
Figures 1(a)(f ) show the microstructures in the longitudinal sections of the Sn1.5 wt% Mn specimens under different HMFs, respectively. An EDS analysis indicates that the light gray part represents the ¢-Sn matrix while the dark gray part the primary MnSn 2 phase, as evidenced by the spectrums in Figs. 1(g) and (h), respectively. It is observed from Figs. 1(a)(f ) that the primary MnSn 2 crystals appear block-or bar-like shapes in all cases. However, the alignments of the bar-like primary MnSn 2 crystals alter as the HMFs increase, i.e. the long axes tend to align perpendicular to the magnetic field direction B.
To fully understand the morphological variation of the primary MnSn 2 phase, Fig. 2 shows the microstructures in the transverse sections of the specimens under different HMFs, respectively. It is obvious that the bar-like primary MnSn 2 crystals align randomly in all cases, irrespective of whether the HMFs are applied or not. As the HMFs increase, however, the amount of the block-like primary MnSn 2 crystals decreases while that of the bar-like ones increases.
In our previous work, we have shown that a typical MnSn 2 crystal follows an octagonal-base/spherical-cap geometric model (few possess square bases) in three dimensions. 19) And such anisotropic shape is kinetically related to its anisotropic crystal structure. Therefore, the HMF-induced alteration to the alignments of the MnSn 2 crystals in this work should be accompanied by modification of the crystallographic . This suggests that the primary MnSn 2 crystals tend to orient preferentially with the ©110ª direction parallel to the magnetic field. From the binary SnMn phase diagram in Fig. 4 , 20) it can be known that MnSn 2 crystals are crystallized primarily from the Sn1.5 wt% Mn melt (see the vertical line that indicates this composition) when the temperature drops to the liquidus. In the absence of the HMF, they nucleate and grow freely in the two-phase region (MnSn 2 + liquid). Thus, they orient and align randomly in the final solidification structure (Fig. 1(a) ). When a HMF is employed, however, the MnSn 2 crystals will be subjected to an external magnetic torque due to the magnetic anisotropy. As analysed elsewhere in detail, 16, 19) the magnetization energy U i (per unit volume) of an anisotropic crystal induced by a magnetic field can be expressed as
where the subscript i denotes the crystal i-direction, » is the magnetic susceptibility, ® 0 the permeability in vacuum and N the demagnetization factor. From this equation, it can be inferred that the easy magnetization axis tends to orient parallel to the magnetic field for paramagnetic materials (» > 0) and perpendicular to the magnetic field for diamagnetic materials (» < 0) in order that the U i reaches the minimum. As aforementioned, MnSn 2 exhibits antiferromagnetism with a Néel temperature of 324 K (about 51°C).
2) It is known that antiferromagnetic materials will become typically paramagnetic above the Néel temperature. In this work, even the solidus temperature (231°C) at which the growth of the primary MnSn 2 crystals ends is much higher than the Néel temperature. Therefore, the primary MnSn 2 crystals should exhibit paramagnetism in the two-phase region. As analyzed above, the 12 T HMF tends to orient the paramagnetic primary MnSn 2 crystals preferentially with the ©110ª direction parallel to the magnetic field. Therefore, ©110ª should be the easy magnetization axis of the primary MnSn 2 crystals. Hence, when the initially nucleated crystal deviates from the preferred orientations under a HMF, magnetic torque T q will be induced to rotate them until the ©110ª axes are parallel to the magnetic field, which is usually expressed as 21) T
where V is the volume of the crystal, ¦» the magnetic susceptibility difference between the easy and the difficult magnetization axes and ª the angle between the applied magnetic field direction and the easy magnetization axis. Once the rotation starts, however, resistances resulting from Lorentz force and liquid viscosity will be induced to hinder the rotations. Additionally, the MnSn 2 crystals should reach a critical size to overcome the disturbance effect of Brownian motion, and have enough time to finish their rotations before the surrounding melt is completely solidified. Only when the applied HMFs are strong enough to overcome all these unfavorable factors, preferential orientations and regular alignments of the primary MnSn 2 crystals can be obtained in the final solidification structure. In this work, it seems that an 8.8 T HMF should be strong enough as the long bar-like MnSn 2 crystals already align quite regularly (see Fig. 1(e) ). To more visually exhibit the effect of the HMF, Fig. 5 (a) and (b) schematically show the 3D alignments of the primary MnSn 2 crystals without and with the 12 T HMF, respectively (see Ref. 19) for more information about the 3D morphology of a single MnSn2 crystal). From these two schemes, it can be understood that the two-dimensional shapes of the primary MnSn 2 crystals strictly depend on their crystallographic orientations with respect to the observation sections. In the absence of the HMF, both block-and bar-like MnSn 2 crystals will appear in the transverse section due to their random orientations. When the 12 T HMF is applied, it is natural that bar-like ones will dominate the transverse section. This just accounts for the fact that the amount of the block-like primary MnSn 2 crystals decreases while that of the bar-like ones increases with increasing the HMFs.
Conclusion
The effects of HMFs on the alignments and orientations of the primary MnSn 2 crystals during the solidification process of binary SnMn alloy were investigated, and it was found that:
(1) Irrespective of whether the HMFs are applied or not, the primary MnSn 2 crystals appear block-or bar-like shapes in both the longitudinal and transverse sections. (2) In the longitudinal sections, the bar-like crystals tend to align with the long axes perpendicular to the magnetic field as the HMFs increase; In the transverse sections, the bar-like crystals align randomly in all cases, but their amount increases with increasing the HMFs. (3) The HMFs tend to orient the primary MnSn 2 crystals preferentially with the ©110ª direction parallel to the magnetic field (i.e. ©110ª is the easy magnetization axis). (4) The above HMFs-induced alteration to the alignments and orientations is related to the magnetic anisotropy of the primary MnSn 2 crystals.
